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ABSTRACT 
This thesis is about the construction and design of a new air bearing test-
bed to verify the programmed ACS attitude control algorithm and to validate the 
ACS MATLAB/SimuLink® model of NPSAT1, the second small satellite currently 
under development at the Naval Postgraduate School Space Systems Academic 
Group. The software was already verified and validated using a comparable air 
bearing test-bed. But due to changes in hardware from commercial magnetic 
torque rods to custom, NPS-built, magnetic torque coils, the changes in the 
modulated software have to be verified again. Additionally, the use of flight 
hardware on the test-bed is expanded to also verify and validate the currently 
available flight hardware.  
NPSAT1 is a passive, gravity-gradient stabilized satellite. This thesis 
shows the necessary fundamental requirements on the satellite’s mass 
properties, which has to be met to realize a gravity-gradient stabilized satellite, as 
well as the basics of pendulum theory, which is required to set up the test-bed on 
the air bearing for testing. This thesis describes the measurement of the earth’s 
magnetic field taken in the SSAG laboratory and the resulting magnetic field 
vector field. Restrictions dictatd by the air bearing are followed by a chapter that 
summarizes and explains all requirements on the new test-bed design. A detailed 
description of the chosen design approach, layout and available test-bed 
configurations is given, as well as issues encountered and their solutions. 
The next step is to verify the ACS MATLAB/SimuLink® attitude control 
algorithm and to validate the MATLAB/SimuLink® model using the designed air 
bearing test-bed. Further, it is suggested to proceed the verification and 
validiation of NPSAT1’s behavior in space by using the custom, NPS-built, 
Helmholtz coils. With the assistance of Helmholtz coils, custom magnetic field 
properties can be generated. 
 
 viii 
THIS PAGE INTENTIONALLY LEFT BLANK 
 ix 
ZUSAMMENFASSUNG 
Diese Arbeit beschreibt die Auslegung und Konstruktion eines neuen 
luftgelagerten Satellitenlagekontrollpruefstands fuer die Verifizierung des ACS 
Lagekontrollalgorithmus und Validierung des dazugehoerigen ACS 
MATLAB/SimuLink® Models von NPSAT1, dem zweiten kleinen Satelliten, 
welcher zur Zeit an der Naval Postgraduate School Space System Academic 
Group entwickelt wird. Die programmierte Software wurde bereits anhand eines 
vergleichbaren Pruefstands getestet. Doch aufgrund eines Hardwarewechsels 
von Magnetstaeben hin zu selbstgefertigen Magnetspulen musste auch die 
Software angepasst werden. Dies erfordert eine erneute Verifizierung und 
Validierung des Algorithmus. Zusaetzlich wurde entschieden, dass der 
komplette, zur Verfuegung stehende Umfang an bereits gefertigter Flight-
Hardware auf dem Pruefstand zum Einsatz kommen soll. 
 
NPSAT1 ist ein passiv-stabilisierter Satellite, der das in 560 km Hoehe 
herrschende Magnetfeld der Erdanziehungskraft nutzt. Diese Arbeit zeigt die 
notwendigen fundamentalen Anforderung an die Auslegung der 
Masseneigenschaften des Satelliten, welche fuer die Realizierung eines passiv-
stabilisierten Satellitens eingehalten werden muessen. Weiterhin werden die 
Grundlagen der Pendeltheorie erlaeutert, welche fuer das Einrichten 
unterschiedlicher Pendelfrequenzen benoetigt wird. Es wird die durchgefuehrte 
Messung des Erdmagnetfeldes in dem zur Verfuegung stehenden Labor und das 
daraus resultierende Erdmagnetfeld-Vektorfeld aufgefuehrt. Den gegebenen 
Einschraenkungen des zu verwendenden Luftlagers folgt ein Kapitel, welches 
alle Anforderung an den neuen luftgelagerten Pruefstand beschreibt und 
zusammenfasst. Anschliessend wird eine detaillierte Beschreibung des 
gewaehlten Konstruktionsansatzes, des Layouts and den verfuegbaren 
Konfigurationen, sowie eine Auffuehrung von aufgetretenen Problemfaellen und 
deren Loesungen gegeben. 
 x 
Der naechste Schritt ist die Verifizierung des MATLAB/SimuLink® 
Lagekontrollalgorithmus und die Validierung des erstellten MATLAB/SimuLink® 
Modells mit Hilfe des konstruierten, luftgelagerten Pruefstandes. Weiterhin wird 
vorgeschlagen die Verifizierung und Validierung das Bewegungsverhaltens von 
NPSAT1 im Weltall mittels der vorhandenen Helmholtzspulen fortzusetzen. Mit 
Hilfe von Helmholtzspulen koennen anwendungsspezifische Magnetfelder, wie 
zum Beispiel das im Weltall vorliegende Magnetfeld, generiert werden. 
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I.  INTRODUCTION  
The Space Systems Academic Group (SSAG) at the Naval Postgraduate School 
in Monterey, CA made it its business to teach students in developing and designing 
small satellites. Their first successful satellite project PANSAT (Petite Amateur Navy 
Satellite) was deployed during NASA’s STS-95 mission in October 1998. It was a 
tumbling 26-sided, polyhedral shaped satellite without any attitude control or propulsion.  
The follow-on satellite project, NPSAT1 (Naval Postgraduate School Spacecraft 
Architecture and Technology Demonstration Satellite), is currently under construction. It 
is much more complicated than PANSAT, because it hosts several additional 
subsystems and technology demonstration experiments. PANSAT was not equipped 
with, for example, a digital camera, which is implemented to take images of the earth. 
Therefore, NPSAT1 needs an Attitude Control System (ACS) to adjust its nadir surface, 
on which the camera is mounted, pointing towards the earth and to prevent the satellite 
from tumbling. 
This thesis focuses on the design of an ACS Air Bearing Test-bed to test and 
validate flight hardware and especially the attitude control algorithm and 
MATLAB/SimuLink® model, which has to be verified again due to the replacement of the 
torque rods by custom, NPS-built torque coils. An air bearing will be used to offer the 
advantage that the test-bed is able to rotate almost friction free about all three axes, 






This thesis about the lay out design of a new air bearing test-bed is sectioned in 
five chapters. The purpose of the air bearing test-bed is to verify the programmed ACS 
MATLAB/SimuLink® satellite attitude control algorithm and a second software, which is 
able to calculate the investigated body’s mass properties such as its moments of inertia.  
The first chapter will give a short overview of the NPSAT1 satellite project at the 
Space Systems Academic Group and its hosted experiments as well as its subsystems, 
which are necessary to run the satellite. The introduction ends with descirbing the 
detailed purpose of this thesis. 
Chapter 2 shows the environmental conditions and circumstances given at the 
Naval Postgraduate School. The measurement procedure of the earth’s magnetic field 
in the SSAG laboratory and the computed resulting B-field are described. Furthermore, 
the advantages and disadvantages are presented, which are offered by the air bearing. 
The third chapter derives the requirements for the satellite’s mass properties, 
which have to be met to realize a gravity-gradient attitude controlled satellite. The two 
following paragraphs show the equations needed to set up different pendulum 
frequencies for the test-bed. All necessary requirements on the test-bed are 
summarized in a final paragraph of this chapter. 
Chapter 4 shows the chosen design approach and the implemented layout as 
well as a detailed description of the adjustment mechanisms, encountered issues, and 
their solutions. The chapter ends with A description of the available four air bearing test-
bed configurations and their mass properties. 
Finally, a conclusion and suggested future work are given. 
The appendix includes the drafts of the air bearing test-bed parts as well as a 
detailed image documentation. 
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NPSAT1 PROJECT OVERVIEW 
The Naval Postgraduate School Space Architecture and Technology 
Demonstration Satellite (NPSAT1) is the follow-on project to the Petite Amateur Navy 
Satellite (PANSAT), successfully launched and deployed during NASA’s STS-95 
mission in October 1998. It is the second small satellite developed by officer students, 
faculty and staff of the Space Systems Academic Group (SSAG) at the Naval 
Postgraduate School in Monterey, California.  
 
1. General 
NPSAT1 is designed to operate for two years in Low Earth Orbit (LEO) at an 
altitude of 560 km and an inclination of 35.4 degrees, resulting in an orbital period of 
95.8 minutes, or about 16 orbits per day [1]. It is designed as a 82 kg heavy cylindrical 
body with an overall height of 841.3 mm and a major diameter of 498.4 mm, excluding 
the deployable Langmuir and Coherent Electromagnetic Radio Beacon Tomography 
(CERTO) antennae mounted to the bottom plate. It houses several subsystems and 
experiments on two additional equipment decks. Figure 1 shows the overall 
configuration with its body mounted solar cells [2]. 
 
Figure 1: NPSAT1 configuration [2]. 
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2. Hosted Experiments 
NPSAT1 hosts five experiments, two experiments were initiated by the Naval 
Research Laboratory (NRL) and three by the SSAG. 
 
Coherent Electromagnetic Radio Beacon Tomography (CERTO). 
The purpose of the CERTO experiment is to develop and test tomographic algorithms 
for reconstruction of the ionospheric irregularities [3]. Therefore, it measures the 
electron density in the ionosphere by transmitting a three-frequency radio beacon signal 
to several ground receivers. The results are taken to provide a database for global 
models of the ionosphere, to characterize the ionosphere for geolocation and to perform 
scintillation studies of the ionosphere [4]. Possible applications can be in fields such as 
radar, communication, navigation and surveillance [5]. This experiment is provided by 
the NRL. 
 
 Langmuir Probe. 
The Langmuir probe is used to augment the CERTO experiment by providing in-situ 
measurements of NPSAT1’s observation plane. The data is used for correlation with the 
ground station results of the CERTO beacon. This experiment is also provided by the 
NRL. 
 
 Configurable Fault-Tolerant Processor (CFTP). 
The purpose of the CFTP is to detect and correct single-event failures before they lead 
to functional issues.  Single Event Effects (SEE) can e.g. be caused by a proton impact 
on a wire. SSAG tests the implementation of a redundant computer for reliable space 
application computing using Field Programmable Gate Arrays (FPGA). 
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Micro-Electromechanical System (MEMS) Rate Sensor. 
The MEMS rate sensor is used to measure rotation about all three satellite-axes. It 
consists of three commercial-off-the–shelf (COTS) rate sensor devices, which are 
usually employed in aircraft. Due to their common use, they operate accurately in 
ranges from 100°/s to 2,500°/s and just offer a sensitivity of ±5°/s, which is way beyond 
the requirements for space applications at orbital rates. But theses about the COTS rate 
sensor were able to show that a solid understanding of the performance characteristics 
allows the optimization of the rate measurement up to 0.001°/s [5] well below their 
design limits [4]. The MEMS rate sensor is used to augment the magnetometer-based, 
3-axis stabilization onboard NPSAT1. 
 
Visible Wavelength Imager (VISIM). 
The VISIM experiments consists of a COTS color digital camera and a single processor 
board. It primarily generates data for the CFTP experiment. Furthermore, the VISIM 
experiment is used to take images of desired areas via an internet-based user interface 
[5]. With this experiment the SSAG wants to demonstrate how a spacecraft can be used 
to foster students’ interest in aerospace studies. 
 
 
The NPS SSAG sponsors the CFTP, MEMS rate sensor, and VISIM experiment.   
Figure 2 shows a detailed expanded view of NPSAT1’s configuration, including the 
defined satellite coordinate system. Where the x-axis is aligned with the orbit velocity, y-










Command & Data Handling (C&DH) Subsystem. 
The C&DH subsystem is NPSAT1’s brain. It is a low-cost, fully flight-qualified 
subsystem consisting of a C&DH motherboard, a mass storage device, an A/D 
converter, a digital input/output board, the CFTP experiment board, power supplies and 
several radio frequency subsystem (RFS) components, interconnected via a PC/104 
bus. The heart of the C&DH is a Sharp microprocessor, running Linux®. The C&DH 
subsystem also runs the ACS MATLAB/SimuLink® attitude control algorithm, which is 
converted into an ANSI ‘C’ computer code [2]. 
 
Electrical Power Subsystem (EPS). 
The EPS provides all electronic devices with power generated by three rows of 
improved triple-junction solar cells mounted on the satellite’s cylindrical outer surface 
and an in-house developed experimental, rechargeable lithium-ion battery. One of the 
solar cell rows is used for the solar cell measurement subsystem (SMS) to run 
experimental measurements of current versus voltage (IV) curves. The measurements 
are focused on open circuit voltage, short circuit current, maximum power point and 
solar cell temperature. The battery is made of 49 COTS Sony battery cells grouped in a 
7S-7P configuration (7 cells in series, and 7 strings in parallel) to provide a battery 
capacity of 225 Whrs at a voltage of 29.4 Volts when fully charged [3].  
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Radio Frequency Subsystem (RFS). 
The RFS ensures the communication between satellite and ground station. It can switch 
between antennae mounted to NPSAT1’s nadir and zenith face for the event that the 
satellite stabilizes with nadir face pointing zenith, for whatever reason. Only the nadir 
antennae are used if the ACS controls the satellite’s attitude correctly. The antennae 
provide a 100kb/s uplink and downlink channel with a maximum bit-error rate of 10-5 [3]. 
 
Attitude Control Subsystem (ACS). 
This paragraph describes the design and performance of the attitude control subsystem 
(ACS) onboard NPSAT1. Its purpose is to stabilize NPSAT1’s attitude and prevent 
tumbling to guarantee communication between the ground station and the satellite, and 
to run the VISIM project successfully. Therefore, three custom magnetic coils were 
designed to generate moments relative to NPSAT1’s principal axes to control roll 
(rotation about x-axis), pitch (rotation about y-axis), and jaw (rotation about z-axis). 
Optimum equipment and ballast placement was used to provide favorable moments of 
inertia. The current satellite layout offers the mass properties shown in Table 1. 
 
Table 1: NPSAT1’s mass properties [6]. 
 
Parameter & units Value 
Total mass [kg] 82 
Moments of Inertia 
Ixx [kg m2] 5.0 
Iyy [kg m2] 5.1 
Izz [kg m2] 2.0 
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The control system uses a standard quaternion control law with a linear reduced order 
estimator for rate information [6]. Basic attitude information is obtained by using a three-
axis magnetometer taking samples between torque coil commands to prevent 
contamination of measurements taken every two seconds. A GPS receiver is installed 
for location determination. Additional attitude information is provided by using an in-
house developed micro-electromechanical system (MEMS) rate sensor using a three-
gyro quartz rate sensor QRS11, EDO double triangle window sun sensors, and a 
DYNOCON® micro wheel 200. Values for the local magnetic field vector are stored in a 
table and compared to the magnetometer measurements. A control algorithm 
determines the difference between the current and the desired attitude and attempts to 
null the error. A MATLAB/SimuLink® simulation demonstrated steady state attitude 
errors less than 2°. This meets the NPSAT1 pointing requirement of less than 10°. The 
simulation was based on an 8th order magnetic field model and included onboard 
computer sampling, torque coil command quantization, lag and saturation [6]. Figure 3 
shows the block diagram of the ACS. 
 
 




This thesis focuses on the design of an ACS air bearing test-bed to test as much 
flight hardware as possible, and to validate the ACS attitude control algorithm and ACS 
MATLAB/SimuLink® model in particular. This model has to be verified again due to the 
replacement of the torque rods by custom, NPS-built, torque coils. An air bearing will be 
used to offer the advantage of almost friction-free movement of the test-bed, which 
simulates space environmental conditions very well. Having set up the air bearing test-
bed, a hardware-in-the-loop simulation of the ACS MATLAB/SimuLink® model will be 
run to confirm functionality and reliability of the magnetic attitude control approach, 
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II. CIRCUMSTANCES/ ENVIRONMENTAL CONDITIONS  
MAGNETIC FIELD MEASUREMENTS 
The purpose of the ACS air bearing testing is to verify the ACS control algorithm 
and the ACS MATLAB/SimuLink® model. Therefore, Earth’s magnetic field data in the 
laboratory has to be known. The algorithms use the environmental magnetic field data 
recorded by the magnetometer as reference for the evaluation of the necessary 
magnetic vector to correct NPSAT1’s attitude. The evaluated attitude correction vector 
is converted into a current, which is transmitted to the magnetic coils via the electrical 
power system (EPS). The magnetic torque coils are aligned with NPSAT1’s and the air 
bearing test-bed’s principle axes. Due to the transmitted current, the magnetic coils 
excite a magnetic vector, which influences NPSAT1’s attitude. Attitude correction 
commands are sent every two seconds. Magnetic field data are recorded in between 
the commands to avoid measurements influenced by the active magnetic coils.  
Earth’s magnetic field (B-field) is measured by using a Honeywell Smart Digital 
Magnetometer HMR2300, a Honeywell Hand Held Display Module HMD5000 and a 
Micron Pentium 166MHz laptop to receive information and data of the actual Earth’s 
magnetic field in the laboratory, which is taken to identify the most appropriate test-bed 
location. A location with a stable magnetic field and as small magnetic field variation 
and deviation as possible is preferred to allow comparing obtained test results. Groups 
of five magnetic field vectors are selected to compare different ACS air bearing 
locations and to define the most appropriate location [8]. 
To identify the influence of ferromagnetic items, such as conventional steel 
screws, which are used to fix the magnetometer to the test-bed structure, two 
measurement sample series were recorded. The result was that the hypothesis “H1: The 
mean of two corresponding samples is unequal (δ ≠ d0)” was declined with a confidence 
level of (1 - α) = 0.95 with the assumptions that first, the distribution function Ф(x) is 
similar to the Gaussian normal distribution and second, both samples have the same 
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known variances σ2 of the magnetometer measurement accuracy. The bottom line is 
that the steel screws do not have any influence on the magnetometer readings [8].  
To measure the Earth’s magnetic field in the laboratory data were recorded each 
500mm in both x- and y-direction in a Cartesian coordinate plane painted on the 
laboratory’s floor and at three different heights of 977mm, 1250mm, and 1517mm above 
ground. In total, a room of 3m x 4m x 0.54 m has been recorded [see Figure 4 and 5 
[8]].  
 




Figure 5: B-Field Measurement Grid [8]. 
 
 
As a result of the Earth’s B-field measurements taken in the laboratory the air 
bearing table location could be defined. Grid point 32, in the center of the room and 
chosen grid, shows the smallest B-field deviation of all measurement sample series and 
is therefore chosen as the center of the air bearing table [8]. Figure 6 shows the 
measured B-field vectors, while Table 2 shows the measured B-field data at the air 
bearing installation location. 
 
Additionally, more detailed information about the Earth’s magnetic field in the 















AIR BEARING  
 
The allocated air bearing proved its value in the first realized air bearing test-bed, 
which was also operated to verify the hardware and software current at that time. But 
due to a hardware change from commercial torque rods to custom, NPS-built torque 
coils for 3-axis stabilization, and the request to expand verification of currently available 
flight hardware, the air bearing test-bed had to be completely redesigned. The air 
bearing is used to simulate the almost frictionless movement of NPSAT1 in space. It is 
designed as a spherical part fitting into a hemispheric head on a pedestal [compare 




Figure 7: Air Bearing Pedestal and Sphere. 
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A thin film of air physically separates the sphere from the pedestal by using 
compressed air. The complete test-bed has to be mounted to the sphere, which is 
supported by the film of air. The needed air pressure pa has to be adjusted to the test-
bed weight mAB in use.  
 
       (II.1) 
 
Table 3 lists the required air pressures in reference to the total test-bed weight including 
the sphere. 
 




















0.689 1.379 2.068 2.758 3.447 4.137 4.826 5.516 6.205 
 
 
 According to Table 3, the air pressure supply depending on test-bed weight is 
calculated as 
 
   (II.2) 
 
 
Furthermore, the air bearing design offers a maximum tilt angle of 32° in 
reference to the horizontal plane limited by the geometry of the sphere and hemisphere 
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III. DESIGN REQUIREMENTS  
THREE-AXIS STABILIZATION BY GRAVITY GRADIENT 
This chapter will derive the requirement to establish the order of the 
moments of inertia (MOI), which has to be met to realize three-axis stabilization 
of a  spacecraft by magnetic torque coils and gravity gradient. Sidi does this very 
detailed in [Ref. 10]. This chapter will just describe the primary assumptions and 
equations, which are necessary to understand the constraints on the MOI.  
First of all, it is assumed that an inertial right-hand Cartesian coordinate 
system with its origin in the satellite’s center of gravity [compare Figure 8] is used 
to express the equations in this chapter, unless otherwise stated. 
 
 
Figure 8: Satellite reference coordinate system [10]. 
 
   
Euler’s Moment Equation written in matrix notation can then describe the 
satellite’s motion in orbit best: 
 
       (III.1) 
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M represents the sum of all moments and torques.  expresses the 
derivative of h with respect to time and body coordinates. h is the vector of the 
angular momentum of the body, which is a vector product of the MOI tensor and 
the inertial angular velocity of the body ωres expressed in body coordinates         
[ξ η ζ]: 
 
 .    (III.2)  
 
To simplify the design of an attitude control system for a three-axis 
stabilized satellite, engineers generally prefer a satellite with negligible products 
of inertia (POI). Existing parasitic POIs can then be treated as mere 
disturbances, which are taken into account in the design stage of the attitude 
control system [10]. Hence, a transformation matrix is needed to allow the 
transformation of the MOI tensor into the principal inertia tensor. For negligible 
small Euler angles it is assumed that a vector given in other than body 
coordinates can be written as:  
 
 .      (III.3) 
 
The transformation matrix  offers the opportunity to transform the 
body coordinate system into a principal coordinate system. That also has an 
impact on the moments of inertia tensor, which is converted into the principal 
moments of inertia tensor J : 
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 .     (III.4) 
 
The principal moment of inertia values Jii are the eigenvalues λi , which 
can be calculated from I  as: 
 
  .      (III.5) 
   
The columns of  are the direction cosines of the principal axes with 
respect to the initial satellite axes. That leads to the requirement that the test-bed 
body coordinates have to be coincident with its principal axes. Assuming just 
small angular motion, Euler angles and their derivatives can be neglected. These 
assumptions enable a Laplace-transformation of Equation III.1, which leads to 
the linearized attitude dynamics equations of motion [Ref. 10]: 
 
 
           
 
                (III.6) 
 




They can be reduced by several expressions by considering the current 
issue. First, NPSAT1 uses magnetic torque coils for stabilization. Hence, all     hωi-terms, i ϵ {ξ,η,ζ}, which are components of the angular momentum vector of 
stabilization wheels, vanish. Secondly, the moment of inertia cross products       Iij, i ≠ j vanish, too, due to the fact that the satellite rolls, pitches, and jaws in 
space about its principal axes with its origin in the satellite’s center of gravity. So, 
it does not have any cross products.  
Equation III.7 shows the reduced differential equation in matrix notation 
[Ref. 10], [Ref. 7]: 
 
 (III.7) 
 Tdi , i ϵ {ξ,η,ζ}, describes the components of the disturbance torque vector, Tci , i ϵ {ξ,η,ζ}, are the components of the control torque vector, Jkk  with k ϵ {1,2,3} 
are the principal moment of inertia terms, and {ϕ,θ,ψ} are the Euler Angles. 
 
 
Stability about the YSat Body Axis. As shown in Equation III.7, the second 
Equation is independent of the other two. A Laplace-transformation of this 
equation leads to the characteristic equation of motion about the Y-axis: 
 
       (III.8) 
 
Equation III.8 has an unstable root if . This leads to the 
conclusion that the constraint for satellite attitude stability is  [10]. 
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Stability about the XSat and ZSat Body Axes. For ease of notation, it is defined 
[10] 
 
 < 1 ,       < 1.  (III.9) 
 
From Equation III.9 it follows that J22 < J11 + J33. Laplace-transformation of 
the first and third equation of Equation III.7 and insertion of σx and σz leads to 
 
 .    (III.10)  
 
This means that the following three conditions must be fulfilled: 
 
 , 
         (III.11) 
  
 
Remembering the condition  for stability about the YSat-axis and J22 < J11 + J33 , which was found from Equation III.9, it follows now that  
 









Figure 9: Stability regions for GG-stabilized satellites [10]. 
 
Region A and B (colored green) are the regions, which meet the 
requirements for a GG-stable satellite deduced from Euler’s Equation of Motion. 
Region B is very limited, as it can be seen in Figure 9. Hence, the margin for the 
satellite design would be very small. That is why the SSAG decided to configure 
NPSAT1’s mass properties to meet the requirements on region A, which are: 




FRICTIONLESS PENDULUM DYNAMICS 
A frictionless pendulum consists of a mass at the end of a rope or of a 
suspended rod. If the rod is displaced from its rest position, without the influence of 
damping it will swing back and forth about its central, lowest point of its center of mass 
caused by earth’s gravity. The pendulum’s frequency depends on the distance between 
the center of mass and the pendulum’s pivot point and on the pendulum’s mass 
properties. Figure 10 shows a model of a frictionless pendulum. 
 
 
Figure 10: Frictionless Pendulum Model [2]. 
 
 
A rod pendulum with length l is displaced to one side by an angle θ and swings about its 
pivot point O. The gravitational force Fg = mg acts on its center of mass C and it can be 
divided into a radial component Fg cos(θ) and a tangential component Fg sin(θ), which 
produces a restoring moment about the pendulum’s pivot point 
 





The differential equation of motion, substituting Newton’s second law for rotation, 
can then be written as 
 
  ,    .        (III.15) 
  
 Assuming just small angles are allowed (sin(θ) ≈ θ , expressed in radian 
measure), leads to the following angular frequency equation 
 
  .        (III.16) 
 
The pendulum’s oscillation period T is related to the angular frequency by  
 
  ,        (III.17)  
which yields  
 
  .         (III.18) 
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DAMPED PENDULUM DYNAMICS 
The previous chapter described the ideal, frictionless pendulum assuming other 
influences are not present except for earth’s gravity. But there always exists a damping 
influence on the pendulum induced by sources such as  
• Air or fluid resistance 
• Internal friction, or 
• Friction between sliding surfaces (bearings, etc.). 
 
For a pendulum swinging in air with just low velocities, the resisting force is 
proportional to the angular velocity and is of the form  [2]. Assuming again just small 
motion, the damping coefficient d is constant. Insertion of the damping term into 
Equation III.15 yields  
 
  ,       (III.19) 
 
which leads to a period Td  for damped pendulum oscillation of 
 
          (III.20) 
 
Equation III.20 shows, that the determining factor to vary the test-bed’s frequency is the 
distance l between the center of mass and the test-bed’s center of rotation. All other 
variables are constant such as earth’s gravity g and the damping factor d for small 
motion. The variables m (mass of the test-bed) and J (test-bed’s moments of inertia 
tensor) depend on the chosen design and mass distribution of the air bearing test-bed. 
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CONCLUSION FOR REQUIREMENTS OF TEST-BED 
 
The purpose of the air bearing test-bed is to simulate NPSAT1 in orbit and to test 
and verify as much flight hardware and software as possible. As a result, there are 
many requirements on the test-bed layout. This chapter will summarize all the 
requirements. 
 
To achieve significant test results about the verification of the ACS control 
algorithm, which is designed for use on orbit, the test-bed has to offer comparable 
properties to NPSAT1’s flight properties. But it is also limited by some given 
environmental circumstances, such as the Earth’s magnetic field and its deviation, the 
limited tilt ability and strict restrictions of the used air bearing, and the given physical 
dimensions of the developed flight hardware.  
 
As mentioned in Chapter II.B, the air bearing is chosen because it offers the 
opportunity to simulate almost frictionless, and consequently almost interference-free, 
movement of the air bearing test-bed structure. This is a very important feature because 
NPSAT1 will not experience any friction during orbit operation due to the existing 
vacuum in space. But the air bearing also has a defined center of rotation (CR), which 
has to be aligned with the center of gravity (CG) of the test-bed structure. That has to be 
arranged exactly to simulate NPSAT1’s movement in space, because each body rotates 
about its center of gravity if it is not mounted to another body. And if the center of 
rotation is not aligned with the test-bed structure’s center of gravity, test-bed structure’s 
motion will be different from the estimated motion of the test-bed evaluated by the ACS 
control algorithm due to the change of the moments of inertia. As a consequence, 
verification of the ACS control algorithm under these circumstances will not be possible. 
Additionally it was shown in chapter III, damped pendulum dynamics, that the distance 
between the center of rotation and the center of gravity is the determining factor for the 
pendulum’s oscillation frequency. Hence, the test-bed structure’s center of gravity has 
to be adjustable in all Cartesian directions to place it at the air bearing’s CR.  
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An additional requirement for the air bearing test-bed layout is to achieve the 
proper values of NPSAT1’s moments of inertia. NPSAT1’s moments of inertia result 
from the placement of equipment and ballast to provide favorable mass properties to 
stabilize NPSAT1 about its x- and y-axis. The derivation of the order of moments of 
inertia for realization of a gravity-gradient-stabilized satellite was shown in Chapter III.A 
and led to the following requirements: 
 J22 > J11 > J33  = Iyy > Ixx > Izz  ,  and    (III.21) J22 < J11 + J33  = Iyy < Ixx + Izz     (III.22)  
As mentioned in this chapter a body rotates about its CG, and rolls, pitches and 
jaws about its principal axes. The smaller the moment of inertia with respect to an axis, 
the easier it is to rotate a body about this axis.  
 
One can see in Figure 8 that jawing about NPSAT1’s z-axis doesn’t have any 
influence on the operability of the VISIM or the communication with the satellite. The 
primary goal of the ACS is to stabilize NPSAT1 about its horizontal axes, x and y, so 
that the positive z-axis always points nadir, perpendicular to earth’s surface. This 
increases communication reliability with the ground station and the usefulness of the 
VISIM.   
 
Furthermore, all ACS utilized components, such as the magnetic torque coils, the 
reaction wheel, the MEMS rate sensor and the magnetometer, have to be arranged as 
in the actual satellite. Because they generate data in reference to the satellite’s 
coordinate system, which the ACS control algorithm uses to evaluate the next attitude 
correction command. That means that the magnetic torque coils have to be aligned with 
the appropriate principal axes of NPSAT1. Chapter III.A mentioned that parasitic cross 
products can be treated as mere disturbances, which are taken into account in the 
design of the attitude control system. Therefore, it was decided to limit the cross 
products of the air bearing test-bed to a maximum of 10 percent of the maximum 
principal inertia moment J33 to configure NPSAT1’s mass properties.  
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Ixy ≤ 0.1*J33        (III.23) Ixz ≤ 0.1*J33        (III.24) Iyz ≤ 0.1*J33        (III.25) 
 
The reaction wheel’s spin vector has to point along the negative y-axis. The 
MEMS rate sensor has to point along the positive z-axis. And the magnetometer has to 
be as far away as possible from all magnetic parts to allow interference-free 
measurements of the surrounding magnetic field. Figure 11 shows the locations and 
orientations of the described components in NPSAT1. All named orientations are in 
reference to the presented satellite coordinate system shown in Figure 11.  
 
 




To prevent interference with the magnetic attitude control system and 
magnetometer readings, all materials chosen for the test-bed structure have to be non-
ferromagnetic. In addition, all wires have to be shielded to keep noise low.  
 
 After having verified the ACS MATLAB/SimuLink® control algorithm, an additional 
requirement for the test-bed’s mass properties is to be able to set up two more mass 
property configurations. This requirement allows the ACS air bearing test-bed to be 
used for another test. The mass properties are supposed to be adjustable by at least 
15% from the original values. If possible, the test-bed’s CG should stay at the center of 
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IV. AIR BEARING TEST-BED  
LAYOUT 
 
This chapter is about the air bearing test-bed layout. Compared to the first 
realized air bearing test-bed in 2003, which was designed strictly symmetrical, 
the new air bearing test-bed is designed according to the lumped-mass 
approach. This approach was denied the first time due to the requirement that 
the cross products of inertia had to vanish completely. Now, the requirement on 
the cross products of inertia is loosened and a maximum value of 10% of the 
maximum principal moment of inertia is allowed [see Equations III.23 to III.25]. 
That is the reason why the lumped-mass approach is chosen this time. 
Nevertheless, symmetry is still used to keep the cross products low.  
The lumped-mass approach demands an iterative design procedure. The 
goal is to arrange the flight hardware, which has to be verified, in a way that as 
few counterweights as possible are needed to set up the required mass 
properties comparable with NPSAT1.  
To meet the mass property requirements, especially the order of the 
moments of inertia shown in Equation III.21 and III.22, the air bearing test-bed is 
designed using two decks. The upper deck carries all the flight hardware such as 
the magnetic torque coils, the ACS and EPS controller, the MEMS rate sensor 
and reaction wheel, as well as a test-bed-custom power distribution box and 
wireless-to-serial adapter to assure communication with the computer used for 
analysis. This configuration is chosen to keep the connecting wiring as short as 
possible, so that its weight stays low and therefore has just a small influence on 
the test-bed’s center of gravity. The wiring is not designed in the utilized CAD-
software NX I-deas 6.1® due to the limited time available. Figure 12 shows the 








Figure 13: Assembled Lower Deck. 
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Figure 13 shows the assembled lower deck. It carries two Dewalt® power tool 
batteries, which together offer 28 Volts and 120 Whrs, two counterweights to lower the 
CG, the magnetometer, and four adjustment mechanisms to arrange the CG in the xy-
plane.  
Brass is picked out as material for the counterweights and the CG-adjustment 
weights to keep their volume as small as possible and to meet the requirement of using 
only non-ferromagnetic materials to avoid any disturbance on the magnetic attitude 
control system. 
Figure 14 provides an assembly view of the new air bearing test-bed design.  
 
 




Z-Adjustment Mechanism. The z-adjustment mechanism connects the test-bed 
structure with the air bearing sphere. The opportunity of implementing different 
frequencies for the verification of the ACS MATLAB SimuLink® control algorithm calls 
for a very fine adjustability of the center of gravity in reference to the fixed given air 
bearing center of rotation in z-direction. Therefore, the mechanism shown in Figure 15 
is designed using a thread almost free from play with a pitch of 24 threads/inch (≈1 









 Struts. The two test-bed decks are connected using four struts, arranged about 
every 90 degrees [see Figure 14]. Due to a tight schedule, it was decided to produce 
these struts using the available rapid-prototyping printer, which uses the fused 
deposition modeling procedure. Despite two stiffening ways on one side of the struts 
and the increase of the part’s thickness itself, the struts still were flimsy [see Figure 16]. 
That could lead to an issue. If the impulse imparted to the structure every two seconds 
by the activation of the magnetic torque coils matches the eigen-frequency of the 
structure, the structure could be damaged. So the struts are stiffened by a quarter-inch 
thick aluminum 6061-T6 plate. The two parts are glued together by using a two-
component epoxy adhesive. That quadrupled the structure’s stiffness. Figure 16 shows 





Figure 16: Expanded view of Struts. 
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Power Supply Calculation. To be able to run the test-bed for at least one hour, 
a simple power supply calculation was executed. The needed power for the different 
electronics onboard the test-bed are, referring to [Ref. 11]: 
 
• Magnetic Torque Coils   ~3.125 W / each 
• ACS Controller    ~2 W 
• EPS Controller    ~2 W 
• Reaction Wheel    ~2 W 
• MEMS rate sensor    ~5 W, and 
• Magnetometer    ~1W. 
 
That is about 21 Watts, adding some margin leads to 25 Watts in total [11]. The 
batteries together supply 120 Whrs at 28 Volts. The work a machine absorbs or 
releases is defined as the power provided for a determined time: 
 
          (IV.I) 
  
Equation IV.I is expanded by adding a safety factor S. Substitution of the sum of 
the needed power of the named components above leads to the conclusion that two 
batteries will be able to run the test-bed under full load for three hours, including a 
safety factor S of 1.6.  
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 Tiltability. To use the tiltability of 32° provided by the air bearing to full capacity, 
the test-bed structure itself is designed as a frustum of a cone [compare Figure 14]. All 
components are mounted to that structure. The worst-case scenario would be when the 
test-bed is tilted to the maximum with the adjustment weights screwed in completely, as 
shown in Figure 16. In this case, there will be a half inch clearance between the 










To set up the test-bed, the center of gravity has to be arranged in x-, y-, and z-
direction in reference to the center of rotation and air pressure has to be supplied to the 
air bearing. As described in chapter IV.A, the arrangement of the CG is realized by four 
weights in the xy-plane and a mechanism for the z-direction. All threads are chosen with 
the same pitch of 24 threads per inch. This provides a very fine setting of the CG.  
Furthermore, the air supply pressure has to be calculated with respect to the 
different configurations of the test-bed resulting in different total weights. The four 
configurations and the required minimum air pressures are: 
 













1  38.65 0.781 11.331 
2  43.63 0.882 12.791 
3  43.63 0.882 12.791 
4  48.62 0.983 14.254 
 
All minimum air supply pressures are calculated using the given relation in 
Equation II.2. 
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Configuration 1 is used for the verification of the ACS MATLAB/SimuLink control 
algorithm. It does not have any additional weights to match NPSAT1’s mass properties. 
To set up configuration 2 and 3, two brass weights are added to the struts, which are on 
the x-axis (config. 2) and on the y-axis, respectively (config. 3). All additional brass 
weights are installed to achieve configuration 4. Figure 18 shows all four configurations 
that are realizable with the designed basic structure. To show clearly the difference 
between the available configurations, only the basic structure and the mentioned brass 
weights are illustrated. 
 
 
Figure 18: Available Test-bed Configurations. 
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As described in chapter III, the test-bed’s pendulum frequency depends on four 
variables: the total mass m, the moment of inertia J with respect to the axis the 
pendulum rotates about, the damping factor d, and the distance between the 
pendulum’s pivot point and its center of mass l. The first three variables can be 
assumed as being constant, because 
 
 The total mass of the test-bed m does not change or vary during 
motion and it does not depend on time. 
 The moment of inertia J with respect to the axis the pendulum 
rotates about is a function of the total mass and the layout of the 
test-bed. All components on the test-bed are mounted to the 
structure using screws. As a result, the air bearing test-bed can be 
assumed as one rigid body, which leads to the conclusion that the 
moment of inertia J is also constant.  
 Due to very slow motion of the test-bed on the air bearing, the 
damping factor d can be assumed as being constant as well. 
 
The only variable left, which has an influence on the pendulum’s frequency, is the 
distance l  between the pendulum’s pivot point and its center of mass. Table 5 shows 
five frequencies and their appropriate distances l for frictionless motion. Different 
moments of inertia Jxx about the x-axis and Jyy about the y-axis lead to different 
frequencies fx and fy with respect to the axes. The table shows the evaluated 
frequencies for configuration 1 about each axis separately. 
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Table 5: Frequencies Set Up 
 
Period Tx [s] 5 10 12 15 20 
Frequncy fx [Hz] 0.200 0.100 0.083 0.067 0.050 
Distance l [mm] 8.176 2.044 1.419 0.908 0.511 
Period Ty [s] 5.4 10.8 12.9 16.2 21.6 











V. CONCLUSION / RECOMMANDATIONS 
The thesis showed the construction and design of a new air bearing test-bed. 
First, it was proposed to execute the first couple of tests for the verification of the ACS 
MATLAB/SimuLink® attitude control algorithm. But due to late changes in the 
requirements on the test-bed and a long manufacturing time needed for the production 
of the designed test-bed structure parts, time ran out at the end. Even the frequent use 
of the available rapid prototype printer could not compensate for the limited time. 
Therefore, the task was changed to a new goal: Completion of the production and 
assembly of the new air bearing test-bed and the verification, that the test-bed can be 
balanced by the designed adjustment mechanisms. After having mounted the last 
components to the structure and having set up the wiring between the different electrical 
components, the balancing of the new air bearing test-bed just took minutes [see Figure 
38, Appendix B].  
The next step is to test the electrical wiring to avoid damage to any flight 
hardware caused by an interconnection failure. After that, the wireless communication 
to the test-bed via Bluetooth has to be assured. As described in Chapter IV, the struts, 
which connect the upper deck with the lower deck, were very flimsy in the beginning, 
because of the low rigidity of rapid prototyped parts. They were stiffened by gluing 
aluminum strips to the RP printed parts using two-component epoxy. That increased the 
rigidity enormously. However, the first attempt of the ACS control algorithm verification 
will show if the frequently activated magnetic coils will stimulate the structure to sway. 
After the verification of the ACS MATLAB/SimuLink® algorithm and the 
verification of the second programmed software for evaluation of the body’s mass 
properties, it is suggested to set up the air bearing inside the Helmholtz coil structure. 
The Helmholtz coils allow the configuration of a custom magnetic field environment. 
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APPENDIX A.  DRAFTS 
 
 
















































































































Figure 35: Drafting XY-Plane Adjustment Weight. 
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APPENDIX B.  DOCUMENTATION IMAGES 
 















Figure 39: ACS Air Bearing Test-bed Upper Deck (+Y-dircetion). 
 
 









Figure 42: ACS Air Bearing Test-bed Lower Deck (Isometric View). 
 
 
Figure 43: Battery and XY-Plane Adjustment Mechanism (Detailed View). 
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